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Abstract: This study compares photosynthesis, growth, 13C and 15N labelling patterns of two biomass crops (Arundo donax 
L. and Panicum virgatum L.) grown under water stress in greenhouse conditions. Plants were exposed to three water stress 
levels: control (C, 100% Pot Capacity), mild stress (MS, 50% PC) and severe stress (SS, 25% PC). Photosynthesis, 
fluorescence parameters and relative water content were measured at the beginning (Ti) and the end of the experiment (Tf). 




N stable isotopes was performed in both 
species. Isotopic analyses of total organic matter, total soluble sugars and the CO2 respired were undertaken at T0 (pre-




N labelling, stems and 
rhizomes seemed to be the main sinks for labelled carbon and nitrogen in both species. Moreover, not all of the labelled carbon 
and nitrogen substrate was used by plant metabolism after seven days. Decreases in photosynthesis parameters were observed 
as a consequence of the increase in water stress (WS) in both species, with a greater magnitude decline in giant reed than in 
switchgrass. A decrease in height, number of green leaves and total dry weight due to WS was observed in both species. Both 
species were more 
13
C-enriched and more 
15
N-depleted during the increases in WS due to lower stomatal conductance and 
transpiration. In general, WS accelerated plant phenology and, consequently, the accumulation of storage compounds in the 
rhizome occurred in response to stress. This effect was more clearly visible in switchgrass than in giant reed. 
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1. Introduction 
The use of biomass for energy production as a substitute 
for fossil energy is often seen as an attractive option to 
reduce fossil-fuel dependency and help lower greenhouse gas 
emissions. Some species used as biomass sources are 
perennial rhizomatous grasses, belonging to the second 
generation of biofuels, which are produced by non-food 
crops such as Arundo donax L. (giant reed) and Panicum 
virgatum L. (switchgrass) [1, 2]. Both species have been used 
as energy crops in Europe in recent decades [1]. 
Giant reed, which is widely distributed in warm temperate 
regions all over the world [3], and switchgrass, which is a 
native perennial warm-season grass [1], both belong to the 
Gramineae family. The two species have high biomass 
productivity and are harvested annually [1, 4]. In relation to 
the photosynthetic pathway, giant reed is a C3 species, 
whereas switchgrass utilizes the C4 pathway [1, 5, 6]. 
Although giant reed has been described as a C3 plant with a 
high photosynthetic potential [5], it is well known that the C4 
pathway is more efficient than the C3 pathway, due to its 
Kranz anatomy that avoids photorespiration by raising the 
[CO2] around Rubisco (i.e. ribulose-1, 5-biphosphate 
carboxylase/oxygenase). In C4 species the initial CO2 fixation 
occurs in the mesophyll cytosol where CO2 is converted to 
bicarbonate and then fixed by phosphoenolpyruvate 
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carboxylase (PEPc), the primary carboxylating enzyme in C4 
species. The C4 photosynthetic pathway is classified into 
three biochemical subtypes based on the primary C4 
decarboxylase enzyme [7] and specialized leaf anatomy and 
physiology are associated with each of the C4 subtypes [8]. In 
the case of switchgrass (the Alamo cultivar), it has been 
described as a lowland NAD-ME ecotype [9–12]. 
Water stress (WS) is one of the most serious environmental 
stresses affecting plant performance and agricultural yield. To 
maximize productivity, plants optimize the morphology, 
physiology and metabolism of their organs and cells, so 
plants have various mechanisms of adaptation to water-
limiting environments [13]. During progressive WS, plants 
reduce water losses by closing their stomata [13, 14], which 
reduces the assimilation rate due to a depletion of 
intercellular [CO2] (ci) [15–17]. Among the consequences of 
WS are decreases in water content (i.e. measured as RWC) as 
well as a decrease in cell elongation. Consequently, plant 
growth (i.e. biomass production) could be affected. Many 
plant species can tolerate WS by maintaining low osmotic 
potential or accumulating solutes (i.e. osmolytes) through 
osmotic adjustment. WS-tolerant species have the advantage 
of maintaining cell turgor and growth under adverse 
conditions, whereas those displaying dehydration avoidance 
mechanisms (such as stomatal closure, leaf abscission or leaf 
rolling) display greatly reduced growth during stress [18]. 
During the last few decades, stable isotopes have emerged 
as a useful tool in plant physiology studies. Discrimination 
against 
13
C during photosynthesis is a well-characterised 
phenomenon [19]: the heavy stable isotope of carbon (
13
C) is 
discriminated in favour of the more abundant and light 
isotope (
12
C). In C3 species, the carbon isotope composition 
of plant material is primarily caused by the discrimination 
occurring during carboxylation by the enzyme Rubisco (ca. 
29‰) and during the diffusion of CO2 from the atmosphere 
to the chloroplast (ca. 4.4‰) [20], providing an integrated 
measure of C isotope discrimination that averages -22‰ for 
most C3 species [21]. In relation to C4 plants, this metabolic 
pathway is characterized by a CO2 concentrating mechanism 
across the mesophyll cell and bundle sheath cell [22, 23]. 
According to Farquhar [24], carbon isotope discrimination in 
C4 species reflects biochemical fractionation of Rubisco and 
PEPc as well as their interconnectivity, which leads the 
carbon isotope composition of C4 species to fall into a narrow 
range between -12‰ and -15‰ [19, 25–27]. 
Nitrogen (N) is an essential element for life, and plant 
growth and development depend upon its supply and 
assimilation. N can be absorbed as nitrate (NO3
-
) (the 
dominant form) and ammonium (NH4
+
). After root uptake by 
transporters, the first step in nitrate assimilation is reduction 
to nitrite (NO2
-
) by nitrate reductase (NR). While a 
significant portion is reduced in the leaves, a fraction of this 
nitrate is nevertheless reduced in roots [28]. Subsequently 
NO2
-
 is reduced to NH4
+
 by nitrite reductase, which is further 









N) has made a significant contribution 
towards understanding N assimilation and the interactions 
with C allocation [28]. Similar to C, plant enzymes 
discriminate between heavy (
15
N) and light (
14
N) isotopes of 
N as a consequence of the faster reactivity of the latter. If 
nitrate availability is high and the resistance associated with 
nitrate uptake is low, nitrate reduction consumes fewer of the 




N discrimination is 
produced during reduction. On the other hand, if nitrate 




N discrimination is possible 
during N reduction [28]. 
The aim of this study was to determine the effect of WS on 
plant performance (i.e. photosynthesis, physiological 
parameters and biomass production) of two of the main 
perennial rhizomatous grass species used for biomass 
production: Arundo donax L. and Panicum virgatum L. The 
13
CO2 isotope labelling technique was used to study the 
partitioning of recently fixed C in each organ (i.e. leaves, 
stems, roots and rhizomes) and the respiratory metabolism 




NO3 isotope labelling technique was used to study the N 
cycle in these plants under WS. 
2. Materials and Methods 
2.1. Plant Material and Experimental Design 
Arundo donax L. (giant reed) seedlings were obtained 
from a private company (Piccoplant, Oldenburg, Germany). 
Panicum virgatum L. (switchgrass) cv. Alamo plants were 
obtained from seeds that were germinated on a moist filter in 
a Petri dish, placed in a long day chamber (16h of 
photoperiod) at day/night temperatures of 22/18 ºC, 
respectively, and 70% HR. Giant reed and switchgrass were 
grown for six months in a greenhouse at the Experimental 
Field Service of Barcelona University (Barcelona, Spain) in 
5-L plastic pots filled with peat:perlite:vermiculite (3:1:1) 
and were irrigated with a complete Hoagland solution 
(Hoagland and Arnon, 1950). The average temperatures and 
vapour pressure deficit during the growth period were 
25/15ºC (day/night) and 0.75 kPa, respectively. Relative 
humidity ranged from 40 to 65% and the maximum 







C of CO2 in the greenhouse air (δ
13
Cgreenhouse) 
was – 11.8‰ ± 0.1‰. 
In order to study the response of these two species to 
different WS levels, after six months of growth the plants 
were subjected to three water treatments for 21 days. One 
third of the plants were fully irrigated (C; n=9) and two thirds 
of the plants were subjected to WS by withholding water until 
50% of pot capacity (MS, mild stress; n=9) or until 25% of 
pot capacity (SS, severe stress; n=9). Afterwards, the same 





N labelling procedures. 
2.2. Measurements 
2.2.1. Gas Exchange Parameters 
Leaf-level gas exchange was measured using a portable 
photosynthesis system (Li6400, Li-Cor Inc., Lincoln, NE, 
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USA) provided with a Leaf Chamber Fluorometer (6400-40) 
of 2 cm
2
 and a 10% blue light source. 
At the beginning of the experiment (Ti), A/Ci curves with 
chlorophyll fluorescence determinations were conducted 
between 10:00 and 18:00 h in fully expanded leaves (n=3) 





of PPFD and an airflow rate of 500 ml min
-1
. 
The response of A to Ci was constructed by measuring these 
values at a range of CO2 concentrations from 70 to 1500 ppm 
(µmol mol
-1














) were measured directly 
with the Li-Cor. Instantaneous water use efficiency (iWUE) 
was calculated as = Asat/ T. Modulated chlorophyll 
fluorescence measurements were done at the same time with 
the Leaf Chamber Fluorometer to estimate the relative 
quantum yield of photosystem II (ϕPSII), the efficiency of 
excitation energy capture by open PSII reaction centres 
(F’v/F’m), the maximum quantum yield of PSII (Fv/Fm) and 
photochemical quenching (qp) determined in a totally 
expanded leaf after 30 min of dark adaptation [29]. 
After 21 days (Tf) of WS treatments, A/Ci curves with 
chlorophyll fluorescence were also measured in each 
treatment (n=3) and for both species. 
2.2.2. RWC Measurements and Chlorophy ll Content 
Determinations 
Relative water content (RWC, %) of the leaves was 
determined as (FW-DW)/(TW-DW) x 100, where FW is the 
fresh weight, DW is the dry weight after being dried in an 
oven at 60ºC until constant weight and TW is the turgid 
weight of the leaf after equilibration in distilled water for 24 
h at 4ºC. RWC was calculated as the mean of three leaves for 
each species and for each treatment at the end of the 
experiment (Tf).  
Chlorophyll content was measured in the youngest fully 
expanded leaves using a portable meter (Minolta SPAD 502 
Meter, Plainfield, IL, USA) at the beginning (Ti) and at the 
end of the experiment (Tf). Nine plants per treatment were 
measured (each measurement is the mean value of five 






N Labelling Procedures 





conducted in both species (n=9) after the WS period in a 
controlled environment chamber (Conviron E15, Controlled 
Environments Ltd., Winnipeg, Manitoba, Canada). Plants 
were kept inside the chamber for an acclimation period of 3 
days at a CO2 concentration of 400 ppm, for a 16-hour light 




of PPFD, and a relative humidity 
of 70-80% with a temperature regime of 25/18 ºC 
(light/dark). 
Air samples were taken before labelling and the δ
13
C of 
CO2 of the air inside the Conviron chamber was measured 
(δ
13
C = -11.44 ± 0.12‰). Commercial 
13
CO2 was used to 
enrich the air inside the Conviron chamber with 99.9% 
13
C 
(Euriso-top, Saint-Aubin, France). Air was introduced into 
the chamber with a 50ml syringe (SGE, Ringwood, Australia) 





. This system allowed homogenous 
labelling throughout the day. The δ
13
C inside the chamber 
during labelling was 360 ± 31‰ for giant reed and 180 ± 
22‰ for switchgrass. The 
13
C labelling time was calculated 
according to the net assimilation rates of both species in each 
treatment, assuming that all species assimilate the same 
amount of labelled CO2 (ca. 3000 ± 85 and 4500 ± 203 mmol 
C m
-2
 for giant reed and switchgrass, respectively) [30]. The 
δ
13
C of air samples were determined by gas chromatography-
combustion-isotope ratio mass spectrometry (GC-C-IRMS), 
as described by Nogués et al. [31], and were carried out at the 
Scientific and Technological Centres (CCiT) of the 
University of Barcelona. 
The 
15
N labelling was also applied during the same 
13
C 
labelling period by replacing the 
14





NO3 enriched with 
15
N 5.31% (Cortec 
Net, France). The δ
15
N of the solution was 1.4 ± 1.7‰. 
Stress conditions were maintained during the labelling 
period (i.e. C plants were fully irrigated whereas MS and SS 
plants were kept under 50 and 25% of PC, respectively). 
After labelling, 
15
N was removed by washing the substrate 
with distilled water. Plants were then irrigated with normal 
Hoagland solution.  
Isotopic analysis samples were taken at different times: T0, 
pre-labelling; T1: 24 h after the end of the labelling and T2: 7 










NTOM) and total C and N content (Cc and Nc). 
Leaf, shoot, rhizome and root samples were collected at 
T0, T1 and T2, dried at 60ºC until constant weight, and 





NTOM). A ground sample of 0.8 
mg was weighed in a tin capsule and used for each 









N ratios (R) of plant 
material and Cc and Nc (% C g
-1
 dry matter; % N g
-1
 dry 
matter) were determined using and elemental analyser 
(EA1108, Series I; Carlo Erba Instrumentazione, Milan, 
Italy) coupled to an isotope ratio mass spectrometer (Delta C; 
Finnigan, Mat., Bremen, Germany) operating in continuous 
flow mode at the CCiT of the University of Barcelona. The 
C/N ratio was estimated in each organ on a dry mass basis. 
(ii) δ
13
C determination of total soluble sugars (TSS). 
The extraction procedures for TSS were similar to those 
described by Nogués et al. [32]. Leaf powder (50 mg) was 
suspended with 1 mL of distilled water in an Eppendorf tube 
(Eppendorf Scientific, Hamburg, Germany). After 
centrifugation, starch was removed from the pellet by HCl 
solubilisation. Soluble proteins of the supernatant were heat 
denatured and precipitated. The TSS of the proteinless 
extracts were collected and transferred to tin capsules for 
isotope analysis and dried in an oven at 60 °C. Isotope 
analysis of TSS was conducted using the same EA-IRMS 
described above. 
(iii) Rd and δ
13
C of dark-respired CO2 determination 
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Prior to the dark respiration determinations, the plants 
were dark-adapted for 45 min in a dark room. Plant organs 
(i.e. leaf, shoot, rhizome and root) were placed separately in a 
plastic gas analysis chamber to determine the δ
13
C of dark 
respired CO2 (δ
13
CR). In the case of rhizome and root 
respiration analysis, the tissues were cleaned and 
immediately dried on paper before putting inside the 










) with two fans connected to a Li-6400 photosynthesis 
system (Li-Cor, Lincoln, NE, USA). Ingoing air was passed 
through the chamber at a rate of 500 ml min
-1 
and the 
temperature in the chamber was maintained at 25 ºC. The 





 by covering the entire system with a black cover. The 
gas analysis chamber, included in the closed system, was first 
flushed with CO2-free air to ensure that only the CO2 respired 
in the chamber was accumulated. The CO2 concentration 
inside the chamber was measured using the Li-6400. After 5 
minutes, CO2 samples were collected with a 50 ml syringe 
(SGE, Ringwood, Australia) and immediately injected into a 
10 ml vacutainer (BD Vacutainers, Plymouth, UK). The 
vacutainers were previously over-pressurised with N2 to 
avoid retro-diffusion of ambient CO2 into the syringe. The 
δ
13
C of air samples was also determined by gas 
chromatography-combustion-isotope ratio mass spectrometry 
(GC-C-IRMS), as described by Nogués et al. [31] at the 






C ratios (R) of the total organic matter (TOM) 









N values using international 




C ratios (IAEA CH7 
polyethylene foil, IAEA CH6 sucrose and USGS 40l-
glutamic acid) calibrated against Vienna Pee Dee Belemnite 





N ratios (IAEA N1 and IAEA N2 ammonium 
sulfate and IAEA NO3 potassium nitrate) referred to N2 in air 
with an analytical precision of 0.2‰. 
              (1) 
The carbon (∆
13
C) and nitrogen (∆
15
C) isotope 
discrimination was calculated in the TOM from the isotope 
compositions δa and δp [21] as: 
                  (2) 
where subscripts “a” and “p” refer to air and TOM, 
respectively. 
2.2.4. Biomass Parameters 
Biomass parameters including height (H, cm), number of 
stems (NS) and number of green leaves (NGL) were 
measured at Ti and Tf in both species. Plant organs were 
separated into leaves, stems, roots and rhizomes and fresh 
weight (g) was measured as well as leaf and stem area (LA 
and SA, cm
2
) at Tf in each treatment and in both species. 
Stem area was calculated from the formula for calculating the 
area of a cylinder, where the height was the stem height and 
average (n=3) of the diameter was measured with a calliper. 
Leaf areas were estimated prior to drying using a flat-bed 
scanner (Hewlett-Packard ScanJet model Iicx, San Diego, 
USA) and analysed with an image processing program 
(Image, University of Sheffield, 2003). Dry weight was 
obtained after drying organs in an oven at 60 ºC until 
constant weight was reached. 
Leaf Dry Weight (LDW, g), Shoot Dry Weight (SDW, g), 
Total Dry Weight (TDW, g), Shoot/Root ratio (S/R), Leaf 
Mass Area (LMA; Kg m
-2









) and Leaf Weight Ratio 
(LWR; Kg Kg
-1
) were calculated. 
2.3. Statistical Analysis 
The WS effect on plant development in both species was 
tested by two factor (WS and time) analyses of variance 
(ANOVA). The statistical analysis was conducted with the 
SPSS 21.0 software package (SPSS Inc, Chicago, IL, USA). 
The means ± standard errors (SE) were calculated for each 
parameter. When a particular F-test was significant, we 
compared the means using a Tukey multiple comparison. The 
results were accepted as significant at P < 0.05.  
3. Results 
3.1. Isotopic Composition 
3.1.1. The δ
13
C of Total Organic Matter (δ
13
CTOM) and Total 
C Content (Cc) 
No significant differences were found in the 
13
CTOM 
between giant reed organs before labelling (T0) in C 
conditions (Figure 1). A 
13
C-enrichment was observed in 
each organ with increasing WS, and significant differences 
between C and SS treatments were found in each organ, 
except in leaves (P = 0.184). Moreover, no significant 
differences were found between switchgrass organs before 
labelling (T0) in C conditions or between treatments for the 
same organ. In general, roots were the most 
13
C enriched 
organs in each treatment in giant reed, whereas no significant 
differences between organs were found in switchgrass at T0. 
A
13
C enrichment was observed after labelling (T1) in both 
species. In general, 
13
C enrichment was observed in both 
species and in each organ with increasing levels of WS 
(Figures 1a and 1b), except in stems and roots in giant reed, 
where the greatest increase was observed in the MS treatment 
(P = 0.034 and 0.004, respectively). Stems had the highest 
13
CTOM at T1 in each treatment in both species. The 
13
CTOM 
values in C conditions at T2 were depleted relative to T1 
(Figure 1b) in leaves, stems, roots and rhizomes in both giant 
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than stress conditions (MS and SS) in each organ. In general, 
stems had the highest 
13
CTOM values in each treatment, except 
in the C and SS treatments in giant reed, where no significant 
differences between organs were found (P = 0.264 and 0.410, 
respectively). 
Significant differences were found in most of the organs 
between T1 and T2 in each treatment in giant reed, except for 
leaves and rhizomes under MS (P = 0.689 and 0.129, 
respectively). On the other hand, no significant differences 
were found in most of the organs between T1 and T2 in 
switchgrass (except in leaves in C conditions and roots and 
rhizomes in the SS treatment).  
No significant differences in C content (Cc; % mg
-1
; Table 
2) were found in roots and rhizomes between treatments in 
both species. However, a different pattern in leaves and stems 
was found between species: significant differences were 
found between treatments in giant reed leaves (P = 0.045) 
whereas Cc in stems remained constant (P = 0.082). On the 
other hand, significant differences were found between 
treatments in switchgrass stems (P = 0.014) whereas Cc in 
leaves remained constant (P = 0.860). In general, a similar Cc 
was found in both species, except in control conditions, 
where a lower amount of C was found in leaves and stems of 
giant reed than in switchgrass (Table 2). Leaves and stems 
had low and high C/N ratios, respectively, in both species. In 
general, a higher C/N ratio was found in switchgrass than in 
giant reed, and mainly in these two organs (Table 2). 
 
Figure 1. Water stress effects (Control (C, 100% PC), Mild Stress (MS, 50% PC) and Severe Stress (SS, 25% PC) on 13 values (‰) of CO2 in total organic 
matter (13CTOM) in leaves, stems, roots and rhizomes in both species (A. donax L. (A) and P. virgatum L. (B)) before labelling (T0), 1 day after labelling (T1) 
and 7 days after labelling (T2). Statistical analysis is presented in Table 6. 
3.1.2. The δ
13







CTSS was observed in each organ with 
increasing WS (Figure 2) and significant differences between C 
and SS treatments were found in most organs, except in the 
stems (P = 0.087). In relation to switchgrass, only significant 
differences between C and SS treatments were found in leaves 
(P = 0.016). In general, roots and rhizomes had the lowest 
13
CTSS in each treatment in both species. 
An enrichment in 
13
C was observed in both species after 
labelling (T1). 
13
C-enrichment was also observed in both 
species and in each organ with increasing degrees of stress, 
although significant differences were only found in stems and 
roots in giant reed (P = 0.020 and 0.005, respectively). In the 
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C MS SS 
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treatments were found in each organ, except in roots (P = 
0.057). Stems had the highest 
13
CTSS at T1 in each organ and 
in both species.  
A 
13
C-depletion between T1 and T2 was observed in both 
species under C conditions, and was greater in giant reed 
than in switchgrass. Significant differences were found in 
each organ except in leaves in giant reed, whereas no 
significant differences in any organ were found in 
switchgrass. Depletion in the 
13
CTSS between T1 and T2 was 
also observed in both species under MS and SS conditions. 
These decreases were significant in each of giant reed’s 
organs and in most organs in switchgrass (except for roots 
and rhizomes in the MS treatment and rhizomes in the SS 
treatment). 
 
Figure 2. Water stress effects (Control (C, 100% PC), Mild stress (MS, 50% PC) and Severe Stress (SS, 25% PC) on 13C values (‰) of sugars (13CTSS) in 
leaves, stems, roots and rhizomes in both species (A. donax L. (A) and P. virgatum L. (B)) before labelling (T0), 1 day after labelling (T1) and 7 days after 
labelling (T2). Statistical analysis is presented in Table 6. 
3.1.3. δ
13






C was observed in each organ with 
increases in the degree of stress (Figure 3a). However, 
significant differences between the C and SS treatments were 
only found in stems and roots (P = 0.041 and 0.029, 
respectively). In relation to switchgrass, no significant 
differences between treatments were found in each organ at 
T0 under C conditions. In general, leaves and rhizomes were 
more 
13
C depleted than the other organs in each treatment in 
giant reed, whereas no significant differences between organs 
were found in switchgrass at T0.  
A 
13
C enrichment after labelling (T1) was observed in both 
species (Figure 3). In general, a trend towards 
13
C enrichment 
was observed in both species and in each organ with 
increasing degrees of stress, except in giant reed leaves, 
although no significant differences were observed between 
treatments (P = 0.229). Moreover, no significant differences 
were found in giant reed roots or rhizomes (P = 0.630 and 
0.082, respectively). However, significant differences were 
found in giant reed stems and in each switchgrass organ. In 
general, the giant reed rhizome was the most 
13
C enriched 
organ, whereas more similar values between organs were 
found in switchgrass in each treatment. A 
13
C depletion was 
observed in C conditions between T1 and T2 (Figure 3). 
Depleted 
13










Leaf Stem Root Rhizome Leaf Stem Root Rhizome Leaf Stem Root Rhizome 




















Leaf Stem Root Rhizome Leaf Stem Root Rhizome Leaf Stem Root Rhizome 










C MS SS 
b 
 Journal of Plant Sciences 2018; 6(3): 68-86 74 
 
to stress conditions (MS and SS) in each organ except in giant 
reed leaves, where no significant differences were found (P = 
0.132) and in switchgrass stems, where the MS treatment was 
more 
13
C enriched than C and SS. In general, rhizomes in 
both species were the most 
13
C-enriched organs, except in 
giant reed under C conditions, where no significant 
differences between organs were found (P = 0.129). 
Decreases in Rd (Table 2) were found in both species 
during the stress treatment in roots and rhizomes, whereas no 
significant differences were found between treatments in 
leaves in both species (P = 0.072 and 0.407, respectively) 
and in stems in switchgrass (P = 0.052). In general, roots 
presented the highest Rd rates whereas rhizomes had the 
lowest Rd rates in giant reed. On the other hand, roots and 
rhizomes had the highest Rd rate in switchgrass (Table 2). 
 
Figure 3. Water stress effects (Control (C, 100% PC), Mild Stress (MS, 50% PC) and Severe Stress (SS, 25% PC) on 13 values (‰) of respired CO2 (
13CR) in 
leaves, stems, roots and rhizomes in both species (A. donax L. (A) and P. virgatum L. (B)) before labelling (T0), 1 day after labelling (T1) and 7 days after 
labelling (T2). Statistical analysis is presented in Table 6. 
3.1.4. The δ
15
N of Total Organic Matter (δ 
15
NTOM) and 
Total N Content (Nc) 
The pattern of δ
15
NTOM observed (Figure 4) was similar 
pattern to 
13
CTOM (Figure 1). No significant differences 
between treatments were observed in each organ in either 
species at T0 in C conditions, except in giant reed roots, 
where 
15
N depletion was observed relative to C conditions (P 
= 0.044). In general, 
15
N enrichment was observed in stems 
compared to the other organs in both species, especially 
rhizomes, which showed the lowest δ
15
NTOM values in each 
treatment. Large 
15
N enrichment was observed after labelling 
(T1) in both species, especially in giant reed (Figure 4a). In 
general, 
15
N depletion was observed in both species and in 
each organ with increasing degrees of stress, and significant 
differences were found between C and SS in each organ in 
both species. Moreover, leaves had the lowest 
15
NTOM values 
in both species followed by roots in switchgrass. MS 
treatment was surprisingly more 
15
N enriched than C 
conditions at T2, although significant differences between 
treatments were only found in stems and rhizomes (P = 0.005 
and 0.000, respectively). However, a 
15
N depletion between 
C and SS was observed. In the case of switchgrass, a greater 
15
N depletion was observed in MS in comparison to C 
conditions, although no significant differences were found in 
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differences between organs were found in any treatment in 
either species (except in the SS treatment in switchgrass, 
where roots were more 
15
N depleted than the other organs). 
Moreover, no significant differences between T1 and T2 were 
noticed in most of the organs in each treatment in either 
species. 
The highest N content (Nc; % mg
-1
) between organs was 
noted in leaves in both species, but was higher overall in 
giant reed leaves than in switchgrass in each treatment (P = 
0.000). Decreases in Nc were found in giant reed’s leaves as 
the level of stress increased, whereas a different pattern was 
observed in switchgrass leaves. No significant differences 
were found between treatments in stems and roots of giant 
reed and in roots in switchgrass. However, an increase in Nc 
was observed in stems and rhizomes of switchgrass when the 
stress increased (Table 2). 
 
Figure 4. Water stress effects (Control (C, 100% PC), Mild Stress (MS, 50% PC) and Severe Stress (SS, 25% PC) on 15 values (‰) of N2 in total organic matter 
(15NTOM) in leaves, stems, roots and rhizomes in both species (A. donax L. (A) and P. virgatum L. (B)) before labelling (T0), 1 day after labelling (T1) and 7 
days after labelling (T2). Statistical analysis is presented in Table 6. 
3.2. Gas Exchange and Fluorescence 
Significant differences were found in most of the 
photosynthesis parameters between species at the beginning 
of the experiment (Ti), whereas other parameters like Asat had 
similar values (P > 0.05) (Table 3). Higher values of 
photosynthesis parameters were found in giant reed than in 
switchgrass at Ti except for iWUE, where an increase of 68% 
was found in switchgrass relative to giant reed. Furthermore, 
significant differences were found in fluorescence parameters 
between species at Ti, with the values being higher in giant 
reed than in switchgrass (Table 3), although other parameters 
such as qP and NPQ were unchanged (P > 0.05). 
At the end of the experiment (Tf; Figure 5), significant 
differences were found between species in most of the 
photosynthesis parameters under C conditions. In particular, 
Asat and gs were higher in giant than switchgrass, whereas 
switchgrass had greater iWUE values. Moreover, significant 
differences were found between treatments (Figure 5). 
Decreases in Asat, gs and T were clearly found in both species 
subjected to increased WS levels (from C to SS). Furthermore, 
increases in iWUE were found in both species in SS with 
respect to C. Positive correlations were found in both species 
between gs and Asat (R
2
 = 0.916 and 0.901 in giant reed and 
switchgrass, respectively) than between RWC and Asat (R
2
 = 
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Figure 5. Photosynthesis parameters (Asat, assimilation rate at light saturation (a); gs, stomatal conductance (b); T, transpiration rate (c); WUE, water use 
efficiency (d)) in both species (A. donax L. and P. virgatum L.) for each treatment: i) Control (C, 100% PC), ii) Mild stress (MS, 50% PC) and iii) Severe Stress (SS, 
25% P) at the end of the experiment (Tf). Data are the means of three replicates and the standard error is shown. Data were analysed with an ANOVA Tukey 
analysis. Different capital letters indicate significant differences (P < 0.05) between treatments for the same specie and different small letters indicate significant 
differences (P < 0.05) between species for the same treatment. Photosynthesis parameters at the beginning of the experiment (Ti) can be found in Table 2. 
 
Figure 6. Fluorescence parameters (Fv/Fm, maximal photochemical efficiency in the dark –adapted stage (a); F’v/F’m, maximal photochemical efficiency in 
light (b); ϕPSII, relative quantum yield of Photosystem II electron transport (c); qP, photochemical quenching (d)) in both species (A. donax L. and P. virgatum 
L.) for each treatment: i) Control (C, 100% PC), ii) Mild Stress (MS, 50% PC) and iii) Severe Stress (SS, 25% PC) at the end of the experiment (Tf). Data are 
the means of three replicates and the standard error is shown. Data were analysed with an ANOVA Tukey analysis. Different capital letters indicate significant 
differences (P < 0.05) between treatments for the same specie. Different small letters indicate significant differences (P < 0.05) between species for the same 
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Decreases in fluorescence parameters were also observed 
between C and SS treatments at Tf in both species (Figure 6). 
The F’v/F’m of giant reed and switchgrass decreased by 20% 
and 11%, respectively, and the ϕPSII by 40% and 33%, 
respectively. A similar decrease was observed in qP in both 
species, while Fv/Fm did not change with increasing WS 
levels. NPQ increased from 1.351 ± 0.042 in C conditions to 
2.198 ± 0.126 in SS conditions in giant reed and from 1.672 ± 
0.009 in C conditions to 2.143 ± 0.149 in SS conditions in 
switchgrass (data not shown). 
3.3. RWC and Chlorophyll Content 
No significant differences were found in C and MS 
treatments in either species at the end of the experiment (Tf). 
As expected, RWC values were lower in the SS treatment, 
where significant differences were found with respect to C 
and MS. Giant reed showed small decreases in the MS and SS 
treatments (3% and 18%, respectively) relative to C, whereas 
switchgrass declined by 6% and 49% in MS and SS relative 
to C (Figure 7). 
Higher chlorophyll content values were found in giant reed 
than in switchgrass at Ti, whereas no significant differences 
were found at Tf (Table 4). No significant differences were 
found in giant reed between Ti and Tf for each treatment (P = 
0.944 (C), 0.297 (MS) and 0.697 (SS)) nor were there 
significant differences between treatments at Ti and Tf (P = 
0.678 and 0.839, respectively; Table 4). Nevertheless, an 
increase in SPAD values between Ti and Tf in switchgrass 
was found in the C and SS treatments. Moreover, no 
significant differences were found between treatments at Ti 
(P = 0.005), although an increase in SPAD values was noted 
in SS with respect to the other treatments at Tf. 
 
Figure 7. Changes in Relative Water Content (RWC, %) in both species (A. donax L. and P. virgatum L.) for each treatment: i) Control (C, 100% PC), ii) Mild 
Stress (MS, 50% PC) and iii) Severe Stress (SS, 25% PC) at the end of the experiment (Tf). Data are the means of three replicates and SE is shown. Data were 
analysed with an ANOVA Tukey analysis. Different capital letters indicate significant differences (P < 0.05) between treatments for the same species. Different 
small letters indicate significant differences (P < 0.05) between species for the same treatment 
3.4. Biomass Parameters 
In both species, significant differences were found for 
most of the biomass parameters in each treatment and time 
(Table 1). A higher H was found in giant reed than in 
switchgrass at Ti in each treatment, whereas at Tf similar 
values were recorded except in the SS treatment, where the 
values for switchgrass were smaller than giant reed. A greater 
NS and NGL were observed in switchgrass than in giant reed 
in each treatment and time. 
An increase in height (H), number of stems (NS) and 
number of green leaves (NGL) was observed in all treatments 
in both species (except for NGL in the SS treatment of 
switchgrass) at Tf with respect to Ti. In the case of giant reed, 
an increase in H was observed in all treatments at Tf with 
respect to Ti, although only significant differences were 
observed in C (P = 0.000). In switchgrass, significant 
differences between Ti and Tf were found in all treatments 
due to remarkable increases in H (Table 1). Regarding NS, 
significant differences between species were found at Ti and 
Tf in each treatment. Moreover, an increase in the NS value 
between Ti and Tf was also observed in all treatments in both 
species, although only significant differences were found in 
C in giant reed, which had a 60% increase. The increase in 
NGL between Ti and Tf was higher in giant reed than in 
switchgrass, with significant differences found in C and MS 
(P = 0.000 and 0.006, respectively), whereas in switchgrass 
significant differences were only found in the C treatment (P 
= 0.012) and a substantial decrease was observed in the SS 
treatment (-43%; P = 0.000). 
Decreases in H and NGL were observed in both species as 
WS increased at Tf with respect to C, but were higher in 
switchgrass. Furthermore, similar decreases in NS were also 
observed in both species throughout the treatments at Tf with 
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Table 1. Changes in biomass parameters (H, height (cm); NS, number of stems; NGL, number of green leaves) in both species (A. donax L. and P. virgatum L.) for 
each treatment: i) Control (C, 100% PC), ii) Mild stress (MS, 50% PC) and iii) Severe Stress (SS, 25% PC) between the beginning (Ti) and the end of the 
experiment (Tf). Data are the means of nine replicates and the standard error is shown. Data were analysed with an ANOVA Tukey analysis. Different capital 
letters indicate significant differences (P < 0.05) between time for the same specie and treatment. Different small letters indicate significant differences (P < 0.05) 
between treatments for the same specie and time. Different Greek letters indicate significant differences (P < 0.05) between species for the same time and treatment. 
 
H NS NGL 
Mean SE  Mean SE  Mean SE  
A. donax  
C 
Ti 51.3 3.7 Ba 2.4 0.2 Ba 11.6 1.4 Ba 
Tf 75.6 3.9 Aa 3.8 0.3 Aa 26.1 1.9 Aa 
MS 
Ti 61.9 3.6 Aa 2.4 0.2 Aa 11.9 1.1 Ba 
Tf 70.2 2.4 Aab 3.0 0.2 Aa 18.3 1.8 Ab 
SS 
Ti 55.4 4.6 Aa 1.2 0.1 Ab 8.3 0.9 Aa 
Tf 62.2 4.6 Ab 1.8 0.2 Ab 9.0 1.1 Ac 
P. virgatum  
C 
Ti 26.7 1.2 Bb 26.4 3.0 Aa 48.0 5.0 Ba 
Tf 74.4 4.1 Aa 31.2 3.9 Aa 82.0 11 Aa 
MS 
Ti 27.3 0.9 Bb 19.3 2.5 Aab 40.4 4.1 Aa 
Tf 60.3 4.3 Ab 22.4 2.6 Aab 42.1 3.5 Ab 
SS 
Ti 32.9 1.1 Ba 16.7 2.5 Ab 41.1 4.0 Aa 
Tf 49.2 2.6 Ab 17.2 1.8 Ab 21.0 0.9 Bb 
 
Figure 8. Effect of stress in biomass parameters (LA, Leaf Area (a); LDW, Leaf Dry Weight (b); LMA, Leaf Mass Area (c) in both species (A. donax L. and P. 
virgatum L.) for each treatment: i) Control (C, 100% PC), ii) Mild Stress (MS, 50% PC) and iii) Severe Stress (SS, 25% PC) at the end of the experiment (Tf). 
Data are the means of nine replicates and the standard error is shown. Data were analysed with an ANOVA Tukey analysis. Different capital letters indicate 
significant differences (P < 0.05) between treatments for the same specie and time. Different small letters indicate significant differences (P < 0.05) between 
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An important and similar decrease in Leaf Area (LA) and 
Stem Area (SA) was noticed in both species at Tf with 
increasing WS (Figure 8, Table 5). LA decreased by 40% and 
58% between C – MS and by 69% and 86% between MS – SS 
in giant reed and switchgrass, respectively, whereas SA 
decreased by 32% and 75% between C – MS and 65% and 
75% between MS – SS in giant reed and switchgrass, 
respectively. Although decreases in LA and SA as a 
consequence of WS were greater in switchgrass than in giant 
reed, the LA and SA values were greater in switchgrass in 
each treatment, as also occurred with Leaf Dry Weight 
(LDW) and Shoot Dry Weight (SDW), which were 
approximately 70% higher in switchgrass than in giant reed 
(Figure 8, Table 5). In addition, a decrease in LDW and SDW 
with increasing levels of WS was also observed in both 
species.  
Leaf Mass Area (LMA) was the only biomass parameter 
that increased with increasing WS (Figure 8). LMA values in 
the C treatment were similar in both species and remained 
constant in giant reed in MS and SS (P = 0.059), whereas a 
substantial increase was observed in switchgrass, reaching a 
value of 121.2 ± 8.9 in SS.  
Total Dry Weight (TDW, Table 5) also decreased in both 
species, although different patterns were observed. Giant reed 
had a greater decrease in more advanced stages of stress, 
whereas switchgrass showed a greater decrease in the first 
stages of stress. In addition, the decreases under the SS 
treatment relative to C were more or less similar in both 
species, although TDW values in switchgrass were 
significantly higher than in giant reed. Shoot/Root ratio (S/R, 
Table 5) values were significantly higher in giant reed than in 
switchgrass (Table 5). Root dry mass in switchgrass was 
significantly higher than in giant reed and almost double its 
shoot dry mass. In contrast, giant reed root dry mass was 
significantly lower than its shoot dry mass. A decrease was 
also observed in S/R due to WS in giant reed but not in 
switchgrass, where no significant differences were found (P 
= 0.825).  
Specific Leaf Area (SLA) had a similar pattern to LMA but 
it was reversed. SLA values in the C treatment were similar 
in both species, and a slight decrease was observed in giant 
reed between C and MS that remained constant in SS (Table 
5). On the other hand, a significant decrease was observed in 
switchgrass. 
Significant differences in the Leaf Area Ratio (LAR) were 
found between C and MS in giant reed, whereas in 
switchgrass the LARs were significantly different between 
MS and SS. A decrease was observed in LAR under SS 
relative to C in both species, but it was greater in 
switchgrass. On the other hand, significant differences in the 
Leaf Weight Ratio (LWR) were only found between C and SS 
in giant reed whereas no significant differences were found 
between treatments in switchgrass. Higher LAR and LWR 
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control conditions (and before the labelling) are largely 
dependent on the photosynthetic pathway [25] and that C3 
plants are more 
13
C depleted than C4 plants [25–27, 33]. The 
lower 
13
C depletion in C4 plants is due to PEPc exhibiting a 
different intrinsic kinetic isotope effect and utilizing a species 
of inorganic carbon with an isotopic composition at 
equilibrium that is different from the substrate used by 
Rubisco in C3 plants [21]. Moreover, the negative 
13
CR values 
in C4 plants is caused by a slow leak of enriched CO2 from 
the bundle sheath. The leaking CO2 pool is enriched in 
13
C by 
the preference of Rubisco for the light isotope (
12
C), so as the 
enriched CO2 leaks out it depletes the 
13
C of the CO2 left 
behind [34]. 
13
C variations also occur within a single plant 
between organs due to a possible fractionation during export 
of assimilates, which is named post-photosynthetic 
discrimination [33], and/or during dark respiration [25]. 
Although differences in bulk 
13
C between different plant 
parts (leaves and roots) have been reported by Hobbie and 
Werner [26] and Badeck et al. [33], our results indicated no 
clear post-photosynthetic discrimination or dark respiration 
discrimination under C conditions in these species (Figures 1 
and 3, respectively). Sucrose has been classified by some 
authors [25, 32] as the most 
13
C-enriched respiratory 
substrate in intact leaves of some C3 plants. However, our 
data do not indicate greater 
13
C enrichment in sucrose in 
comparison to 
13
CTOM at T0 in either species under C 
conditions (Figures 1 and 2). A lower 
13
C discrimination was 
observed during respiration than in TOM [25, 32, 35, 36], 
and was greater in giant reed than in switchgrass, with 
similar differences having been observed between other C3 
and C4 plants by Ghashghaie et al. [25]. In relation to TSS, 




CR observed at T0 
(Figures 2 and 3) in giant reed was similar to values observed 
in other C3 species (-6‰) [32, 37], however, a lower 
enrichment was observed in switchgrass (Figures 2 and 3). 
Differences in the metabolic pathways between C3 and C4, 
such as photorespiration, sugar metabolism and fluxes during 
the reductive pentose phosphate pathway could be the causes 
of the isotopic differences [26]. 
The large 
13
C enrichment in TSS, TOM and CO2 respired 
in most of the organs at T1 in C conditions is observed as a 
consequence of 
13




was assimilated by photosynthesis and was 
incorporated into translocation, storage and respiration 
processes. In this case, post-photosynthetic discrimination 




CTSS values in stems in both species would imply that the 
assimilated C was transported along the stem during the 
sampling period or that this organ could act as a sink for C 
assimilates. In this regard, this accumulation of sugars 
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(especially sucrose) has also been observed in other C4 
species belonging to the Panicoideae subfamily, for example 
sorghum (Sorghum bicolor) and sugar cane (Saccharum 
officinarum) [38–40]. In relation to the rhizome, its high 
13
C 
enrichment would confirm that this organ is being used as a 







CR values in C 
conditions at T2 compared to T1 (although still more 
13
C-
enriched than values before labelling (T0) (Figures 1, 2, 3)), 
would suggest that leaves and the other organs have not used 
all of the labelled C substrate during their metabolism [32]. 
The fact that stems and rhizomes were the most 
13
C-enriched 
organs would confirm their role as permanent C sinks. The 
notion that the stem is a C sink is due to it being 
photosynthetically active and thus capable of assimilating 
13
C 
directly, incorporating it into the tissues [42, 43]. 
Our results clearly indicate that WS modulates both the C 
and N isotopic composition (Figures 1, 2, 3 and 4). A 
13
C 
enrichment (or a decrease in photosynthetic discrimination) 
in TSS, TOM and CO2 respired due to WS was observed due 
to decreases in gs and therefore in the intercellular partial 
pressure of CO2 (ci) [21, 25]. As ci decreases, the 
13
C of the 
CO2 inside the leaf is progressively enriched and the 







CR to increase in both 
species at T1 and T2 under WS conditions (Figures 1, 2, 3) 
would confirm the use of stable isotopes as an appropriate 
tool to measure stress. According to Hobbie and Werner [26], 
WS may result in altered intramolecular isotopic patterns 
because of additional isotopic fractionation during 
photorespiration and concurrent changes in the flux patterns 
of C from trioses to glucose. As in C conditions, rhizomes 
and stems had the greatest 
13
C enrichment, indicating that 
both organs were also C sinks, even under WS conditions. In 
general, WS accelerated plant phenology and, consequently, 
the accumulation of storage compounds in the rhizome 
occurred in response to stress. This effect was more clearly 
visible in switchgrass than in giant reed. 
Leaves are the major N storage organs in both species. 
The lower Nc observed in C4 leaves relative to C3 leaves 
(Table 2) for the same photosynthetic activity in C 
conditions (Figure 5) was expected due to a higher Rubisco 
carboxylation activity in C4 as a consequence of a lower 
photorespiration [44, 45]. Moreover, from 15% to 30% of 
the total Nc of leaves in C3 plants is contained in Rubisco, 
whereas this value decreases to 6-9% in C4 plants, 
according to Sage et al. [44]. Decreases in Nc in leaves due 
to WS observed in both species (Table 2) might be a 
consequence of a decrease in Rubisco content [46] or a 
decrease in T (Figure 5c). Indeed, in the latter case the low 
reduction in Nc in the leaves (lower than 17%) with respect 
to the reduction in gs (84%) would suggest that the Nc 
reduction was a consequence of low water absorption by the 
roots as a result of reduced T [47]. The fact that switchgrass 
stems have the lowest Nc but maintain a high C/N ratio 
(Table 2) and a high 
13
C labelling (Figure 1b), even in WS 




NTOM values at T0 in both species lay within a 
similar range as the natural abundance [28]. Leaves and 
stems were the main N sinks in both species, whereas 
rhizomes were N sources, due to the high and low δ
15
NTOM 
values observed between the aboveground and belowground 
organs under C conditions, respectively (Figure 4), indicating 
bottom-up translocation of N. 
15
N was absorbed and 
integrated into metabolism by roots, being later translocated 
to the other organs as evidenced by the 
15
N enrichment 
observed in both species at T1 under C conditions (Figure 4). 
The fact that leaves were the organs with the lowest δ
15
NTOM 
would indicate that the translocation was slow. The higher 
δ
15
NTOM values observed in giant reed than in switchgrass 
after labelling (T1) confirmed the greater need for N in C3 
plants than in C4 plants [44]. In theory, species with a high N 
demand will have lower discrimination against 
15
N. The high 
δ
15
NTOM values at T2 relative to natural abundance and the 
increase in δ
15
NTOM values of leaves between T1 and T2 
would confirm the slow 
15
N metabolism as well as the 
continuous bottom-up translocation of 
15
N. 
The reduction in δ
15
NTOM due to WS (Figure 4) in both 
species was expected following the reports of Robinson et al. 
and Yousfi et al. [48, 49]. According to Farquhar et al. [21], a 
reduction in gs due to stress (Figure 5b) should lead to a 
reduction in the loss of ammonia and nitrous oxide, 
decreasing the δ
15
NTOM. Isotope fractionation of N may occur 
during uptake from the medium into root cells or during 
subsequent enzymatic assimilation into other N forms. 
4.2. Photosynthetic Capacity 
The high photosynthetic capacity of giant reed (C3) has 
been demonstrated [5, 50], as Asat was similar in both species 
at Ti (Table 3) or even greater in giant reed than in 
switchgrass at Tf in C conditions (Figure 5). However, the 
lower values of gs and T and the higher iWUE found in 
switchgrass compared to giant reed in C conditions (Figure 
5) are a consequence of lower intercellular [CO2] 
requirements to saturate Rubisco carboxylation in 
switchgrass. Therefore, the operation of a CO2-concentrating 
mechanism enhances the efficiency of C4 relative to C3 
photosynthesis and the ability to limit water loss while 
maintaining net carbon uptake in the leaves [51]. 
Many studies on photosynthesis under WS have found 
decreases in Asat or gs in giant reed [41, 52, 53] and 
switchgrass [6, 54] as well as other species [55, 56]. In our 
experiment, these decreases are significantly higher in giant 
reed than in switchgrass (Figure 5), indicating a higher WS 
effect in the C3 species than in the C4. Not only do C4 species 
have a higher WUE than C3 species, as mentioned above, but 
NAD-ME grasses (such as switchgrass) also increase their 
whole-plant WUE to a greater extent than NADP-ME grasses 
under WS [22]. The lack of change in Fv/Fm values under 
stress in both species (Figure 6) indicates that there was no 
damage to the PSII reaction centres. This means that 
photoinhibition is not observed in either species under WS, 
and this is contrary to expectations from reports of other 
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plants exposed to abiotic and biotic stress [57]. Chlorophyll 
fluorescence parameters in switchgrass are lower than giant 
reed. However, decreases (or increases in the case of NPQ) 
due to stress are also lower in switchgrass, confirming a 
higher WS effect in the C3 species than in the C4. 
The greater correlation between Asat and gs than 
between Asat and RWC shows how some parameters 
related to photosynthesis seem more dependent on 
stomatal conductance than on leaf water status. Our data 
indicate that down-regulation of different photosynthetic 
processes under WS depends more on CO2 availability in 
the mesophyll (i.e. on stomatal closure) than on leaf water 
content, even in different plant species, as mentioned by 
Sharkey [58] and Medrano et al. [14]. Therefore, our data 
indicates how gs can be used as an integrative parameter 
reflecting the WS experienced by the plant. The rapid 
stomatal response to decreased water content allows plants 
to delay water loss, which according to this feature 
indicates that, they could be considered as species that 
avoid dehydration [47, 59]. 
Moreover, the similar RWC values observed between C 
and MS in both species (Figure 7) indicate that WS was 
moderated. For example, the RWC values of switchgrass in 
the SS treatment (Figure 7) did not correlate with the higher 
iWUE observed in Figure 5d for the same treatment. The 
lower RWC values might be due to the leaf curling observed 
in switchgrass leaves, which could have made leaf hydration 
more difficult during the RWC measurement. Moreover, the 
difficulty in leaf hydration in switchgrass could have been 
aggravated by the appreciable increase in the LMA observed 
between treatments (Figure 8). Therefore, the increase in leaf 
thickness (and curling) in switchgrass might have influenced 
the RWC measurements. 
4.3. Plant Morphology Parameters 
In general, giant reed tends to be a tall plant with few stems 
and wide leaves, whereas switchgrass is smaller with a large 
number of stems and long narrow leaves. Although both 
species had considerable biomass yields in control conditions, 
the larger LA, SDW and TDW values (Figure 8, Table 5), as 
well as the more substantial root growth of switchgrass, 
indicate features present in this species that are desirable in 
bioenergy crops because they reduce erosion and enhance 
carbon capture in the soil [1, 60, 61]. Cell growth has been 
reported among the primary processes affected by WS [17]. 
According to Blum [62], a decrease in LA is one mechanism 
that limits plant water use and reduces damage due to WS. Our 
results showed how WS had a considerable effect on biomass 
production in both species due to a lower C assimilation but 
also a decrease in biomass parameters such as H, NS, NGL, 
LA, SDW and TDW, among others (Figures 5 and 8, Table 5). 
Furthermore, the increase in LMA is another mechanism used 
by plants to improve efficiency versus water loss and it leads 
to smaller and thicker leaves [63]. 
A range of dehydration avoiding mechanisms have been 
reported in plants including stomatal closure, leaf abscission 
and leaf rolling [64]. In our case, all three of these parameters 
have been observed in switchgrass (Figure 5 and Table 1). 
This could mean that switchgrass has physiological 
advantages against WS due to its C4 photosynthetic pathway. 
The lower S/R ratio in switchgrass (Table 5) indicates an 
extensive root development relative to the shoot dry mass. 
This should enable switchgrass to have a better adaptation to 
drought than giant reed. However, due to the fact that the S/R 
ratios in switchgrass are constant under control and stress 
conditions (Table 5) there is no correlation with a 
dehydration avoidance mechanism, where an increase in root 
dry mass would be expected in WS. 
Although both species have been identified as drought 
tolerant [1], our results obtained in greenhouse conditions 
would indicate a greater tolerance and a better adaptation to 
WS in switchgrass than in giant reed, according to Quinn et 
al. [65], as well as a greater biomass production (LDW), even 
in WS conditions. 
5. Conclusions 
Our data show that, before labelling, giant reed is more 
13
C 
depleted in TOM and in dark respiration than switchgrass as 
a consequence of the different photosynthetic pathways. The 
increase in 
13





assimilated by photosynthesis and is incorporated into 
translocation, storage and respiration processes. Moreover, 
our data indicate that not all the labelled C substrate has been 
used during the subsequent 7 days of metabolism. 
Interestingly, our results showed how stems are sinks for 
13
C and confirmed that the rhizome is a permanent sink for 
labelled C. In addition, our results also confirm that stems 
and rhizomes could be classified as nitrogen sinks and that 
there is a slow turnover of N in both species due to the high 
δ
15
NTOM values at T2 compared to T1. 
In addition, both species modulate the assimilation of 
13
C 
in accordance with the WS level: plants are more 
13
C 
enriched as the WS increases. Changes in plant phenology 
and accumulation of storage compounds in the rhizome 
might exist as a response against WS. 
Decreases in photosynthesis parameters such as Asat, gs, 
and T were observed as a consequence of the WS increase in 
both species, being more important in giant reed than in 
switchgrass. No change in the Fv/Fm values under stress in 
either species was an indication of a lack of damage to the 
PSII reaction centres. Smaller decreases in fluorescence 
parameters (or increases in the case of NPQ) in switchgrass 
than in giant reed due to stress confirmed a higher WS 
effect in the C3 species than in the C4. In both species, the 
assimilation of the C through the stomata and the 
carboxylation efficiencies of the plants were more affected 
by WS than the electron transport of PSII. The 
photosynthesis parameters seem to be more dependent on 
stomatal conductance than on leaf water status according to 
the greater correlation between Asat and gs than between Asat 
and RWC. A slight decrease in plant growth was observed 
in relation to the smaller increase in height and the lower 
number of stems and green leaves, as well as the decrease 
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in leaf area, stem area and leaf area index over the stress 
treatments. Despite the fact that plant morphology in giant 
reed and switchgrass is significantly different, a similar 
decrease in total dry weight due to stress was observed in 
both species. 
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Appendix 
Table 2. Values of dark respiration (Rd; Gmol m
-2 s-1), C content (Cc; %C mg
-1), N content (Nc; %N mg
-1), and C/N Ratio in both species (A. donax L. and P. 
virgatum L.) for each treatment: Control (C, 100% PC), Mild stress (MS, 50% PC) and Severe Stress (SS, 25% PC) at the end of the experiment (Tf). Data are 
the means of nine replicates and the standard error is shown. Data were analysed with an ANOVA Tukey analysis. Different capital letters indicate significant 
differences (P < 0.05) between treatments for the same organ and specie. Different small letters indicate significant differences (P < 0.05) between organs for 
the same treatment and specie. Different Greek letters indicate significant differences (P < 0.05) between species for the same organ and treatment. 
 
Rd Cc Nc C/N 
mol gDW-1 s-1 %C mg-1 %N mg-1  




L -12.8 1.0 Ab 50.7 1.6 Ba 4.5 0.3 Aa 11.6 0.5 Bc 
S -23.1 1.5 Aa 50.7 0.6 Aa 1.6 0.2 Ab 34.8 4.0 Aa 
R -24.5 1.8 Aa 52.3 1.5 Aa 1.8 0.1 Ab 28.8 1.5 Aab 
Rz -10.5 1.3 Ab 53.5 0.6 Aa 2.1 0.1 ABb 26.2 1.3 Bb 
MS 
L -9.9 0.8 Ab 54.4 0.6 Aab 4.0 0.1 ABa 13.5 0.3 Ab 
S -9.9 1.0 Bb 52.7 0.7 Ab 1.8 0.3 Ab 35.4 4.6 Aa 
R -16.9 1.2 Ba 54.2 1.5 Aab 1.8 0.1 Ab 36.2 2.8 Aa 
Rz -5.4 0.9 Bc 54.9 0.9 Aa 1.8 0.1 Bb 31.1 1.0 Aa 
SS 
L -8.2 0.8 Ab 53.2 0.4 ABa 3.7 0.1 Ba 14.6 0.4 Ac 
S -9.7 1.0 Bb 54.1 1.5 Aa 1.7 0.1 Ac 34.2 2.6 Aa 
R -15.3 1.6 Ba 54.8 0.2 Aa 1.7 0.1 Ac 32.8 2.0 Aa 





L -10.5 0.9 Ab 54.3 0.6 Aa 2.8 0.1 Aa 19.1 0.3 Bc 
S -9.1 1.2 Ab 53.1 0.5 ABa 1.0 0.1 Bd 60.6 7.0 Aa 
R -32.5 3.5 Aa 52.3 1.5 Aa 1.9 0.1 Ab 29.0 1.2 Abc 
Rz -23.7 4.0 Aa 54.8 0.7 Aa 1.5 0.1 Bc 36.3 1.3 Ab 
MS 
L -8.5 1.2 Ab 54.4 0.5 Aab 2.5 0.1 Ba 21.7 0.6 Ac 
S -9.0 1.9 Ab 53.7 0.4 Ab 1.2 0.1 Bc 50.4 4.9 Aa 
R -19.9 2.0 Ba 53.7 0.4 Ab 1.9 0.1 Ab 28.5 1.8 Abc 
Rz -17.5 2.8 ABa 55.3 0.4 Aa 1.8 0.1 Ab 32.9 2.4 Ab 
SS 
L -10.7 1.6 Aa 54.6 0.4 Aa 2.6 0.1 ABa 21.1 0.8 ABa 
S -12.2 0.6 Aa 52.1 0.2 Bb 1.8 0.1 Ab 29.1 1.6 Ba 
R -11.5 2.1 Ba 53.8 0.9 Aab 2.1 0.2 Aab 27.8 2.9 Aa 
Rz -12.4 1.7 Ba 53.8 0.9 Aab 2.0 0.2 Ab 28.5 2.7 Aa 
Table 3. Photosynthesis parameters (Asat, assimilation rate at light saturation; gs, stomatal conductance; T, transpiration rate and iWUE, water use efficiency) 
and fluorescence parameters (Fv/Fm, maximal photochemical efficiency in the dark –adapted stage; F’v/F’m, maximal photochemical efficiency in light; ϕPSII, 
relative quantum yield of Photosystem II electron transport; qP, photochemical quenching and NPQ, non-photochemical quenching) at the beginning of the 
experiment (Ti) in both species (A. donax L. and P. virgatum L.). Data are the means of three replicates and SE is shown. Data were analysed with an ANOVA 
Tukey analysis (ns: non-significant; * P < 0.05; ** P < 0.01 and *** P < 0.001). 
  Asat gs T iWUE Fv/Fm F’v/F’m ϕPSII qP NPQ 
A. donax 
Mean 22.9 0.3 5.7 4.1 0.8 0.5 0.3 0.6 1.7 
SE 2.4 0.0 0.3 0.6 0.0 0.0 0.0 0.0 0.2 
P. virgatum 
Mean 22.0 0.1 3.2 6.9 0.7 0.3 0.2 0.6 1.7 
SE 2.0 0.0 0.4 0.3 0.0 0.0 0.0 0.0 0.3 
  ns * ** * * ** ** ns ns 
Table 4. Changes in chlorophyll content (SPAD units) in both species (A. donax L. and P. virgatum L.) for each treatment: i) Control (C, 100% PC), ii) Mild 
stress (MS, 50% PC) and iii) Severe Stress (SS, 25% PC) at the beginning (Ti) and at the end of the experiment (Tf). Data are the means of nine replicates and 
the standard error is shown. Data were analysed with an ANOVA Tukey analysis. Different capital letters indicate significant differences (P < 0.05) between 
time for the same species and treatment. Different small letters indicate significant differences (P < 0.05) between treatments for the same species and time. 
Different Greek letters indicate significant differences (P < 0.05) between species for the same time and treatment. 
 
C MS SS 
Ti Tf Ti Tf Ti Tf 
Mean SE  Mean SE  Mean SE  Mean SE  Mean SE  Mean SE  
A. donax 42.1 0.7 Aa 42.1 1.0 Aa 41.5 0.5 Aa 42.7 1.0 Aa 41.6 0.5 Aa 42.0 0.9 Aa 
P. virgatum 35.9 0.7 Ba 41.0 1.4 Ab 35.7 0.6 Aa 37.4 0.5 Ab 33.4 0.9 Ba 44.9 1.0 Aa 
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Table 5. Biomass parameters (SA, Stem Area (m2); SDW, Shoot Dry Weight (g); TDW, Total Dry Weight (g); S/R, Shoot Root ratio (g g-1); SLA, Specific Leaf 
Area (m2 Kg-1); LAR, Leaf Area Ratio (m2 Kg-1), LWR, Leaf Weight Ratio (Kg Kg-1) in both species (A. donax L. and P. virgatum L.) for each treatment: i) 
Control (C, 100% PC), ii) Mild stress (MS, 50% PC) and iii) Severe Stress (SS, 25% PC) at the end of the experiment (Tf). Data are the means of nine 
replicates and the standard error is shown. Data were analysed with an ANOVA Tukey analysis. Different small letters indicate significant differences (P < 
0.05) between treatments for the same species and time. Different Greek letters indicate significant differences (P < 0.05) between species for the same time 
and treatment. 
 
C MS SS 
Mean SE  Mean SE  Mean SE  
A. donax  
SA 0.03 0.00 a 0.02 0.00 b 0.01 0.00 c 
SDW 13.2 1.7 a 9.0 0.4 b 5.1 0.6 c 
TDW 16.1 2.1 a 11.9 0.5 a 7.0 0.7 b 
S/R 4.5 0.2 a 3.3 0.2 b 2.5 0.3 c 
SLA 24.8 1.2 a 21.0 0.6 b 21.1 0.9 b 
LAR 9.3 0.6 a 7.7 0.3 b 7.1 0.4 b 
LWR 0.40 0.01 a 0.37 0.01 ab 0.33 0.02 b 
P. virgatum 
SA 0.17 0.02 a 0.07 0.01 b 0.04 0.00 b 
SDW 47.9 3.3 a 24.8 1.7 b 16.4 1.0 c 
TDW 130.7 15.0 a 69.0 7.3 b 48.3 3.9 b 
S/R 0.64 0.06 a 0.63 0.06 a 0.58 0.07 a 
SLA 21.1 0.7 a 17.1 1.4 b 8.6 0.6 c 
LAR 3.9 0.3 a 3.1 0.4 a 1.5 0.1 b 
LWR 0.19 0.01 a 0.18 0.01 a 0.17 0.01 a 
Table 6. Statistical analysis of water stress effects on 13CR (‰), 
13CTOM (‰), 






 F F F F F Sig F Sig 
Model 46.9 *** 25.6 *** 39.5 *** 24.5 *** 
Species 206.9 *** 45.7 *** 13.1 *** 92.5 *** 
Time 873.0 *** 605.9 *** 925.3 *** 438.6 *** 
Treatment 120.8 *** 93.5 *** 80.1 *** 138.6 *** 
Organ 118.2 *** 18.8 *** 36.3 *** 14.9 *** 
Species*Time 4.4 * 4.6 * 0.9 ns 28.1 *** 
Species*Treatment 31.6 *** 5.3 ** 18.5 *** 19.8 *** 
Species*Organ 24.3 *** 2.5 ns 6.6 *** 3.4 *** 
Time*Treatment 29.1 *** 30.8 *** 37.7 *** 45.8 *** 
Time*Organ 35.8 *** 13.4 *** 17.9 *** 10.0 *** 
Treatment*Organ 7.5 *** 1.3 ns 4.6 *** 3.2 ** 
Species*Time*Treatment 14.0 *** 6.3 *** 20.3 *** 6.5 *** 
Species*Time*Organ 5.5 *** 3.2 ** 14.5 *** 2.0 ns 
Species*Treatment*Organ 11.6 *** 1.2 ns 4.9 *** 1.4 ns 
Time*Treatment*Organ 3.5 *** 1.1 ns 4.4 *** 1.8 * 
Species*Time*Treatment*Organ 4.8 *** 1.3 ns 6.6 *** 0.9 ns 
 
Abbreviations 
Asat, light saturated net CO2 assimilation rate; C, control 
conditions; C/N, carbon/nitrogen ratio; Cc, total carbon 
content; Fv/Fm, maximum quantum efficiency of PSII; 
Fv’/Fm’, photochemical efficiency of PSII; gs, stomatal 
conductance; H, height; LA, leaf area; LAR, leaf area ratio; 
LDW, leaf dry weight; LMA, leaf mass area; LWR, leaf 
weight ratio; MS, moderate stress conditions; Nc, total 
nitrogen content; NGL, number of green leaves; NPQ, non-
photochemical quenching; NS, number of stems; PC, pot 
capacity; PPFD, photosynthetic photon flux density; qp, 
photochemical quenching; Rd, dark respiration; RWC, 
relative water content; SA, stem area; SDW, shoot dry 
weight; SLA, specific leaf area; S/R, shoot/root ratio; SS, 
severe stress conditions; T, transpiration; TDW, total dry 
weight; WS, water stress; WUEinst, instantaneous water use 

























isotopic composition CO2 respired in dark. 
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